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HIGHLIGHTS 


•  High  performance  anode  supported  PC-SOFC  using  BZCY  electrolyte  was  fabricated. 

•  The  presence  of  CO  in  fuel  stream  was  able  to  deactivate  Ni  anode  in  PC-SOFC. 

•  Electrochemical  reaction  was  evidenced  to  accelerate  the  poisoning  process. 
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High  performance  anode  supported  proton-conducting  solid  oxide  fuel  cells  (PC-SOFC)  were  fabricated 
and  their  performance  in  syngas  was  studied.  PC-SOFC  button  cells  produced  a  maximum  power  density 
of  812  mW  cm-2  in  H2  at  750  °C.  It  was  found  that  the  CO-containing  feed  streams  could  drastically 
degrade  the  performance  of  PC-SOFC.  Based  on  the  experimental  results  and  the  theoretical  analysis,  the 
detailed  process  of  the  CO-induced  Ni  catalyst  deactivation  was  identified.  This  process  could  be  divided 
into  three  distinguishable  stages  during  the  continuous  exposure  of  the  Ni  catalyst  in  the  CO-containing 
environment.  The  first  stage  could  be  described  using  the  CO  surface  active  site  blocking  mechanism, 
which  was  further  confirmed  by  CO/H2  competitive  adsorption  model.  The  second  stage  deactivation  was 
proposed  to  be  related  to  the  carbon  deposition  at  TPB  (Triple-phase  Boundary).  The  deactivation  during 
this  stage  was  accelerated  by  the  electrochemical  conversion  of  H2.  The  last  stage  was  attributed  to  the 
coking  of  Ni  catalyst  and  the  resulted  metal  dusting  effect. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  with  oxygen  ion  conducting  electrolyte 
(OC-SOFC)  have  been  intensively  studied  for  the  last  several  de¬ 
cades.  OC-SOFC  exhibits  higher  efficiency,  lower  environmental 
impact  and  comparable  fuel  diversity  in  comparison  with  the 
conventional  thermal  engine  [1—3].  Since  the  discovery  of  protonic 
conductivity  in  some  oxide  materials  in  1981  [4  ,  many  research 
efforts  have  been  focused  on  the  development  of  proton¬ 
conducting  solid  oxide  fuel  cell  (PC-SOFC)  including  those  fueled 
by  hydrocarbons  through  internal  steam  reforming  and/or  water 
gas  shift  reaction  [5-8  .  The  apparent  advantage  of  PC-SOFC  over 
OC-SOFC  is  its  higher  theoretical  efficiency  since  the  major  elec¬ 
trochemical  reaction  product,  H2O,  is  generated  at  the  cathode  side 
without  diluting  the  anode  fuels. 
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In  fact,  the  performance  of  PC-SOFC  fed  by  fuels  containing 
hydrocarbons  is  significantly  lower  than  the  theoretical  value. 
Jamsak  reported  that  the  dramatic  power  density  decrease  of  the 
PC-SOFC  fed  by  ethanol  was  due  to  an  increase  in  ohmic  resistance 
[5].  The  high  temperature  derivatives  of  ethanol  are  mainly  CO,  H2 
and  CH4.  Ni  et  al.,  concluded  that  the  extremely  high  ohmic  over¬ 
potential  and  concentration  overpotential  were  responsible  for  the 
poor  performance  of  methane  fueled  PC-SOFC  [6].  Luisetto  con¬ 
ducted  experiments  with  syngas  (obtained  by  CH4  internal  CO2- 
reforming)  as  the  fuel  for  PC-SOFC  and  ascribed  the  low  power 
density  to  carbon  deposition  and  high  reaction  resistance  [7]. 
Although  Arpornwichanop  speculated  that  CO  might  deteriorate 
PC-SOFC  performance  but  the  experimental  evidence  is  needed  to 
be  more  convincing  [8].  In  contrast  to  the  strong  CO  surface  active 
site  blocking  effect  on  metallic  catalysts  at  low  temperature  in 
proton  exchange  membrane  fuel  cells  (PEMFC)  [9-11],  CO  chemi¬ 
sorption  was  greatly  suppressed  at  high  temperature  during  CO/H2 
competitive  adsorption  [12  .  Thus,  CO  poisoning  effect  in  PC-SOFC 
was  not  normally  considered. 
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In  this  work,  proton  conductor  BaZro.iCeojYo.203-5  (BZCY)  was 
used  as  the  electrolyte  when  fabricating  high  performance  anode 
supported  PC-SOFC.  The  influence  of  CO  on  the  performance  of  cells 
at  700  °C  was  studied  and  three  distinguishable  poisoning  stages 
and  corresponding  mechanisms  were  proposed. 

2.  Experimental 

2.2.  Powder  synthesis 

Both  BZCY  electrolyte  powder  and  BaPrCo206-§  (BPC)  cathode 
material  were  synthesized  through  citrate-nitrate  auto¬ 
combustion  method:  stoichiometric  amounts  of  relevant  metal 
nitrates  were  first  dissolved  in  deionized  water.  Citric  acid  and 
NH4NO3  were  then  added  to  the  solution  as  chelating  agent  and 
combustion  fuel,  respectively.  The  solution  was  magnetically  stir¬ 
red  and  heated  with  water  evaporating.  Finally,  the  solution  residue 
was  ignited  and  fine  powder  was  formed  by  subsequent  auto 
combustion.  The  as-prepared  powder  was  then  calcined  at  1100  °C 
for  10  h  in  air  to  achieve  a  single  phase  oxide. 

2.2.  Anode  supported  button  cell  fabrication 

A  powder  mixture  of  33  wt%  BZCY,  45  wt%  NiO  and  22  wt%  corn 
starch  was  initially  ball-milled  in  ethanol  for  24  h.  Then,  the 
mixture  was  dried  up  and  pressed  into  the  pellets  of  19  mm  in 
diameter  and  ~800  pm  in  thickness.  They  were  then  pre-sintered 
at  1100  °C  for  2  h  to  form  strong  anode  substrate.  The  compositions 
of  anode  and  cathode  functional  layers  were  50  wt%  BZCY  +  50  wt% 
NiO  and  50  wt%  BZCY  +  50  wt%  BPC,  respectively.  These  composite 
materials  for  the  function  layers  were  prepared  through  thorough 
mixing  using  ball  mill. 

Then  NiO/BZCY  anode  functional  layer  and  BZCY  electrolyte 
were  spin  coated  onto  the  strong  substrate  sequentially.  The  coated 
half-cell  was  then  sintered  at  1420  °C  for  4  h  for  complete  densi- 
fication  of  the  electrolyte.  Finally,  BPC/BZCY  cathode  layer  was 
coated  onto  the  dense  electrolyte  and  then  sintered  at  1000  °C  for 
2  h.  Before  button  cell  test,  diluted  Ag  paste  was  infiltrated  into 
porous  cathode  layer  in  order  to  increase  both  activity  and  con¬ 
ductivity.  The  final  active  area  of  the  fuel  cell  was  0.47  cm2. 

2.3.  Characterization  and  electrochemical  test 

Both  BZCY  and  BPC  perovskite  phases  were  identified  using  a 
Rigaku  Rotaflex  X-ray  diffractometer  (XRD)  with  Cu  Ka  radiation. 
The  microstructures  of  anode  supported  button  cells  were  char¬ 
acterized  using  a  Hitachi  S-2700  scanning  electron  microscope 
(SEM).  The  anode  outlet  gas  composition  was  analyzed  through  gas 
chromatograph  (GC,  Agilent  Technologies  6890N)  when  necessary. 
X-ray  photoelectron  spectroscopy  (XPS)  was  performed  using  a 
Kratos  Analytical  AXIS  165. 

In  the  fuel  cell  test,  pure  oxygen  was  used  as  the  cathode  oxidant 
with  the  flow  rate  of  50  mL  min-1.  The  anode  inlet  gas  pressure  was 
137  kPa  (20  psi)  and  its  composition  was  adjusted  using  three  in¬ 
dependent  and  calibrated  flow  controllers  connected  to  H2,  CO  and 
N2,  respectively.  Before  electrochemical  test,  the  membrane  elec¬ 
trode  assembly  (MEA)  was  heated  to  selected  operating  tempera¬ 
ture  and  then  the  anode  component  was  reduced  completely. 
During  the  test,  impedance  and  current-voltage  characteristics 
were  determined  in  different  gas  mixtures  using  a  Solartron  1287 
electrochemical  interface  together  with  a  1255B  frequency 
response  analyzer.  The  impedance  spectra  of  cells  were  obtained 
under  open  circuit  with  the  AC  amplitude  of  10  mV  and  the  fre¬ 
quency  range  from  0.1  Hz  to  100  kHz. 


3.  Results  and  discussions 

3.2.  Button  cell  performances  in  H2  and  syngas 

XRD  patterns  of  BPC  and  BZCY  in  Fig.  1  confirm  the  pure 
perovskite  phase  without  identifiable  impurities.  Fig.  2  shows  the 
microstructure  of  the  button  cell  cross-section.  The  BZCY  electro¬ 
lyte  ( ~  20  pm)  was  essentially  dense  without  visible  micro-pores  or 
cracks.  To  investigate  PC-SOFC  performance,  we  examined  the 
current-voltage  characteristics  and  the  corresponding  power 
density  curves  in  a  stream  of  H2.  The  button  cell  produced 
maximum  power  densities  of  488  mW  cm-2,  592  mW  cm-2, 
705  mW  cm-2  and  812  mW  cm-2  at  600  °C,  650  °C,  700  °C  and 
750  °C,  respectively  Fig.  3.  The  analysis  of  electrochemical  imped¬ 
ance  spectra  is  shown  in  Fig.  4,  which  confirms  that  the  cell  had  a 
considerably  low  polarization  resistance  and  therefore,  was 
extremely  sensitive  to  poisoning  effect.  The  test  temperature  for 
PC-SOFC  in  syngas  was  selected  to  be  at  700  °C  since  BZCY  owns  a 
high  protonic  transport  number  below  this  temperature  [13,14]. 
Moreover,  unfavorable  side  reactions  between  CO  and  H2,  such  as 
methanation  process,  could  be  suppressed  in  this  study  when  the 
temperature  was  above  700  °C.  More  details  will  be  discussed  in 
the  following  parts. 

Fig.  5  compares  the  maximum  power  densities  (MPD)  of  the  PC- 
SOFC  in  three  groups  of  feed  streams  at  700  °C.  Since  the  MPD  in  CO 
containing  fuels  decreased  as  a  function  of  exposure  time,  all  the 
data  were  recorded  after  30  min  of  treatment  by  the  specified 
gases.  In  each  individual  group,  the  red  arrow  in  the  figure  indi¬ 
cated  the  percentage  of  power  density  loss  in  CO  containing  feed 
relative  to  the  corresponding  CO  free  fuel.  In  group  1,  the  cells  were 
fueled  by  either  pure  H2  or  pure  CO.  The  MPD  of  24  mW  cm-2  was 
obtained  in  pure  CO,  which  was  96.6%  lower  than  that  in  H2.  It  also 
implied  that  the  BZCY  electrolyte  was  not  100%  protonic  conductor 
at  the  testing  temperature.  The  CO/H2  ratio  of  syngas  fuel  in  group  2 
was  fixed  at  2,  the  same  ratio  as  that  of  methane-derived  syngas. 
Comparing  with  the  cell  fueled  by  the  CO-free  mixed  gas  of  N2/ 
H2  =  2,  the  MPD  dropped  9.2%  in  syngas.  The  drop  was  extended  to 
34.4%  in  group  3  when  the  CO/H2  ratio  of  syngas  was  raised  to  9. 
(For  interpretation  of  the  references  to  colour  in  this  figure  legend, 
the  reader  is  referred  to  the  web  version  of  this  article.) 

In  the  following  sections,  the  negative  effects  of  CO  in  the  feed 
steam  on  the  performance  of  PC-SOFC  as  a  function  of  PC-SOFC 


Fig.  1.  XRD  patterns  of  synthesized  BPC  and  BZCY  powders. 
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Fig.  2.  SEM  image  of  button  cell  cross-section  after  operation. 


Fig.  5.  A  comparison  of  PC-SOFC  maximum  power  densities  in  CO,  H2,  syngas  and  N2— 
H2  gas  mixtures  at  700  °C. 
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Fig.  3.  I — V  characteristics  and  power  density  curves  in  H2  at  different  temperatures. 


treatment  time  in  syngas  were  systematically  investigated.  The  H2 
concentration  in  syngas  was  fixed  at  10%  since  lower  H2  content  in 
the  feedstock  could  drastically  accelerate  the  poisoning  rate  leading 
to  a  more  effective  evaluation  of  the  catalyst  deactivation. 
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Fig.  6.  A  comparison  of  I-V  characteristics  and  power  density  curves  at  different 
stages  of  CO  poisoning  at  700  °C. 


3.2.  The  1st  stage:  chemical  poisoning  effect 

The  influence  of  CO  on  fuel  cell  performance  was  characterized 
through  polarization  curves  and  impedance  spectra  in  10%  H2  +  CO. 
Around  20%  of  maximum  power  density  loss  was  observed  right 
after  the  balance  gas  was  changed  to  CO  from  N2  (Fig.  6),  although 
the  open  circuit  voltage  (OCV)  did  not  essentially  change.  All  the 
ohmic  resistances  of  the  impedance  spectra  in  Fig.  7  were  not 
illustrated.  After  the  balance  gas  was  switched  from  N2  to  CO,  an 
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Fig.  4.  Impedance  spectra  H2  at  different  temperatures. 


Fig.  7.  A  comparison  of  impedance  spectra  at  different  stages  of  CO  poisoning  at 
700  °C. 
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increase  in  the  polarization  resistance  was  observed  almost 
instantly.  In  the  low  frequency  region,  no  pseudo-inductive 
response  was  observed  in  most  of  the  CO  poisoned  PEMFC, 
implying  that  large  CO  coverage  on  the  catalyst  was  unlikely  to 
occur  in  PC-SOFC. 

The  CO  poisoning  effect  was  then  evaluated  under  potentiostatic 
mode  for  a  short  period  of  time  (Fig.  8).  After  initially  introducing 
CO  into  the  system,  a  sharp  current  drop  immediately  occurred.  The 
magnitude  of  the  drop  was  between  7%  and  9%,  depending  upon 
the  applied  potentials.  In  addition,  the  variation  of  anode  feed  flow 
rate  did  not  play  a  significant  role  in  shaping  the  poisoning  curves. 
Once  CO  was  replaced  by  N2  in  the  feed  stream,  the  current  started 
to  recover  and  entirely  returned  to  its  original  value  after  the 
substitution  of  anode  chamber  gas  and  the  CO  desorption  from  Ni 
were  completed. 

Since  the  binary  diffusivities  of  H2-N2  and  H2-CO  were 
essentially  identical,  the  influence  of  fuel  mass  transport  on  PC- 
SOFC  performance  was  negligible  [15  .  CO  is  not  an  inert  gas  as 
N2,  so  it  was  readily  activated  by  Ni  catalyst.  Since  the  chemisorbed 
CO  molecules  could  not  be  oxidized  in  PC-SOFC,  they  might  influ¬ 
ence  the  activation  as  well  as  the  conversion  of  H2  molecules  via 
either  active  site  or  geometric  blocking  mechanism.  This  could  be 
part  of  the  reason  for  the  lower  fuel  cell  performance  and  higher 
polarization  resistance  in  syngas  feed. 

In  order  to  evaluate  the  influence  of  CO  on  H2  electrochemical 
oxidation  in  PC-SOFC  at  high  temperature,  a  CO/H2  competitive 
adsorption  model  was  established.  Both  CO  and  H2  adsorptions 
were  based  on  Langmuir  model  as  shown  below, 


H2  +  2(M) 


kH 

lva 
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2Had(Ni) 
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Oh 
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where  P  is  the  partial  pressure  of  the  specified  gas.  In  the  calcula¬ 
tion,  the  total  pressure  was  137  kPa  (same  as  the  experimental 
condition).  By  using  the  kinetic  parameters  and  equations  derived 
from  literature  [17,18],  Sc o  and  S\\  were  obtained  as  functions  of 
temperature  and  H2  partial  pressure  (Fig.  9). 

In  fact,  CO  molecule  was  able  to  bind  with  the  transition  metal 
catalyst  much  more  strongly  than  H2  as  a  result  of  its  unique 
electronic  band  structure.  For  the  competitive  adsorption  of  CO  and 
H2  at  low  temperature  (<200  °C),  it  is  commonly  known  that  the 
catalyst  surface  is  exclusively  covered  by  CO  with  surface  coverage 
{Sc o)  being  close  to  unity.  The  strong  active  site  blocking  effect  was 
ascribed  as  the  major  reason  for  serious  CO  poisoning  effect  in 
PEMFC  [9-11  .  At  high  temperature  (>600  °C),  the  adsorption  of  H2 
was  not  greatly  affected  by  CO  adsorption.  Approximately  10%  of 
the  active  sites  were  occupied  by  CO  adsorbate  in  the  syngas  con¬ 
sisting  of  10%  H2  +  CO  at  700  °C  as  calculated  in  Fig.  5.  It  was  also 
logical  to  have  observed  7-9%  current  drop  when  CO  was  intro¬ 
duced  to  the  fuel  in  Fig.  8. 

In  summary,  the  instant  degradations  observed  in  Figs.  6-8  in 
syngas  fuels  could  mainly  be  attributed  to  the  active  site  blocking 
effect  caused  by  the  chemisorbed  CO  molecules  on  Ni. 


kco 

CO  +  (Ni)  f±  COad(Ni)  (2) 

kLU 

Where  ka  and  /<d  represent  the  adsorption  and  the  desorption  rate 
constants,  respectively;  (Ni)  indicates  the  surface  active  site  on  Ni. 
Assuming  that  the  interaction  among  adsorbates  was  negligible 
and  only  linear  structure  of  CO  adsorption  occurred  [16],  we  can 
have  the  following  expressions  on  surface  coverage  of  CO  {Sc o)  and 
H  (0h)  shown  in  (3)  and  (4). 


Fig.  8.  Variations  of  current  density  with  different  applied  voltages  during  the  1st 
stage  of  CO  poisoning  study  under  PC-SOFC  potentiostatic  mode  at  700  °C. 


3.3.  The  2nd  stage:  electrochemical  reaction  accelerated  carbon 
deposition 

During  the  prolonged  operation  in  CO  containing  feed,  PC-SOFC 
performance  gradually  degraded  as  shown  in  Fig.  10.  The  maximum 
power  density  decreased  to  60%  of  its  original  value  and  at  the  same 
time,  a  large  increase  of  polarization  resistance  was  detected, 
indicating  severe  deactivation  of  the  catalyst  and  high  degree  of  CO 
poisoning  (Fig.  7).  Nevertheless,  little  OCV  drop  occurred  (Fig.  6) 
and  the  fuel  cell  ohmic  resistance  did  not  vary  noticeably  within 
this  stage.  The  severe  performance  loss  was  still  fully  recoverable 
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Fig.  9.  H  and  CO  surface  coverage  as  functions  of  temperature  and  H2  partial  pressure 
with  a  total  pressure  was  137  kPa. 
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Fig.  10.  CO  poisoning  and  recovery  in  the  2nd  stage  under  different  testing  conditions 
at  700  °C. 


after  CO  flow  was  substituted  by  N2.  More  importantly,  we  also 
found  that  the  fuel  cell  operation  conditions  had  an  obvious  in¬ 
fluence  on  the  extent  of  the  performance  degradation  as  shown  in 

Fig.  10. 

In  an  effort  to  find  out  the  CO  poisoning  mechanisms  in  terms  of 
chemical  and  electrochemical  reaction  effects,  a  pair  of  tests  with 
identical  CO  treatment  time  was  conducted.  In  test  ONE,  both  CO 
poisoning  and  recovery  process  were  recorded  under  potentiostatic 
mode  at  0.75  V.  As  a  contrast,  in  test  TWO,  the  poisoning  process 
was  completed  under  OCV  condition  in  which  the  PC-SOFC  could  be 
considered  as  a  pure  chemical  reactor  without  any  electrochemical 
reactions;  the  recovery  was  monitored  under  potentiostatic  mode 
in  order  to  determine  and  compare  performance  variations  with 
test  ONE.  From  the  results  shown  in  Fig.  10,  it  could  be  observed 
that  in  test  ONE,  the  current  density  drop  resulted  from  CO  effect 
was  more  severe  than  that  of  test  TWO.  After  the  1st  stage 
poisoning,  the  current  further  decreased  from  0.102  A  cm-2  to 
0.078  A  cnrT2  within  40  min  in  test  ONE.  However,  after  the  iden¬ 
tical  time  period  of  exposure  to  syngas,  the  performance  only 
dropped  to  0.082  A  cm-2  in  test  TWO.  During  the  recovery  cycle,  it 
took  a  longer  time  for  the  cell  in  test  ONE  to  be  fully  recovered  and  a 
steeper  curve  for  current  density  recovery  was  recorded  in  test 
TWO.  As  Oqo  was  only  ~  10%  under  experimental  conditions,  it  was 
no  longer  appropriate  to  reuse  CO  active  site  blocking  mechanism 
to  address  the  2nd  stage  CO  poisoning. 

In  fact,  the  SEM  examinations  showed  little  structure  change  of 
the  anode  in  either  cell  after  the  CO  poisoning  experiments. 
Detailed  surface  information  was  revealed  by  the  XPS  analysis. 
Fig.  11  compares  the  spectra  of  C  Is  for  the  cells  operated  in  either 
test  ONE  or  test  TWO.  The  result  indicates  that  carbon  was 
deposited  on  the  surface  of  Ni  after  syngas  treatment.  More 
importantly,  a  stronger  carbon  signal  was  always  detected  on  the 
anode  from  test  ONE. 

When  the  fuel  cell  was  a  pure  chemical  reactor  operated  under 
OCV  condition,  the  carbon  deposition  could  be  easily  attributed  to 
the  applicable  chemical  reactions  as  below: 

C0  +  H2^C  +  H20  (5) 

2C0^>C  +  C02  (6) 


working  under  potentiostatic  mode,  the  case  could  become  more 
complicated.  In  addition  to  the  carbon  sources  from  reaction  (5) 
and  (6),  it  was  plausible  that  another  parallel  carbon  source 
might  start  its  contribution,  or  the  existing  carbon  source  was 
affected,  possibly  by  the  electrochemical  oxidation  of  H2.  The 
overall  effect  accelerated  the  carbon  deposition  and  caused  more 
severe  cell  performance  loss  in  test  ONE. 

Based  on  the  above  assumption  from  experimental  data,  we 
can  propose  an  electrochemical  reaction  accelerated  carbon 
deposition  mechanism  in  explaining  the  2nd  stage  CO  poisoning. 
As  soon  as  the  electrochemical  oxidation  of  H2  started  to  proceed, 
a  localized  surface  diffusion  area  (SDA)  would  be  established 
adjacent  to  TPB  and  extended  to  Ni  with  a  width  of  several 
hundreds  of  Angstrom  [20].  When  Ha d  was  electrochemically 
consumed  at  TPB,  both  Had  and  COad  located  within  SDA  began  to 
move  and  redistribute,  driven  by  the  gradient  of  chemical  po¬ 
tential  [20,21  .  As  the  result  of  the  dynamic  equilibrium,  0\\  ten¬ 
ded  to  decrease  whereas  0C  0  to  increase  within  SDA. 
Consequently,  in  comparison  with  a  stand-by  fuel  cell  functioning 
as  a  pure  chemical  reactor,  higher  Oqo  on  Ni  in  an  operating  PC- 
SOFC  led  to  a  faster  catalyzed  carbon  deposition  rate  and  a 
slower  rate  of  carbon  removal.  The  larger  amount  of  carbon  de¬ 
posits  on  the  surface  of  Ni  would  block  more  active  sites,  further 
slowing  down  the  H2  electrochemical  oxidation  and  more 
severely  degrading  PC-SOFC  performance.  Fig.  12  illustrates  the 
schematic  of  the  mechanism. 

The  2nd  stage  CO  poisoning  started  to  reach  equilibrium  after 
5  h  of  CO  treatment  and  full  reversibility  was  maintained  (Fig.  13). 
Upon  substitution  of  CO  by  N2,  there  were  basically  two  mecha¬ 
nisms  which  might  be  responsible  for  the  carbon  removal.  The  first 
one  was  the  direct  oxidation  of  carbon  by  oxygen  since  BZCY  was 
not  a  pure  proton  conductor  at  the  experimental  temperature 
[13,14  .  The  PC-SOFC  running  in  pure  CO  had  a  maximum  power 
density  of  ~25  mW  cm-2  as  described  in  Fig.  5.  The  other  mech¬ 
anism  could  be  explained  by  the  reaction  of  the  carbon  with  H2  or 
water  vapor  derived  from  either  the  anode  fuel  stream  or  the  re¬ 
sidual  product  of  reaction  (5)  (Fig.  14). 

3.4.  The  3rd  stage:  metal  dusting  of  Ni 

Fig.  13  shows  a  typical  fuel  cell  destructive  test  when  the 
operation  potential  was  0.75  V.  A  serious  OCV  drop  was  observed 


Reaction  (5)  is  kinetically  much  faster  and  thus  became  the 
major  source  of  coke  19].  In  contrast,  when  the  fuel  cell  was 


Fig.  11.  XPS  spectra  of  Cls  obtained  on  PC-SOFC  anode  after  tests  in  either  potentio¬ 
static  mode  or  OCV  mode. 
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(a)  £ 


Chemisorption 


Fig.  12.  Schematics  of  the  electrochemical  CO  poisoning  mechanism,  (a)  the  original 
state  of  the  adsorbate  distribution  within  the  TPB  adjacent  area  in  a  stand-by  PC-SOFC; 
(b)  the  equilibrium  state  of  the  adsorbate  distribution  within  the  TPB  adjacent  area  in 
an  operating  PC-SOFC. 

after  11  h  of  fuel  cell  operation  in  syngas.  The  main  reason  was 
believed  to  be  the  electrolyte  deterioration  caused  by  the  volume 
expansion  of  coked  Ni  anode.  Therefore,  the  PC-SOFC  perfor¬ 
mance  degradation  at  this  stage  was  irreversible.  Normally,  after 
long  time  operation  in  syngas,  the  deposited  carbon  atoms  would 
develop  sufficient  C-C  bonds  and  accumulate  to  form  coke  on  Ni 
surface,  which  was  thermodynamically  unstable  at  high  tem¬ 
perature.  If  the  formed  coke  was  not  removed  in  time,  it  would 
tend  to  dissolve  into  and  then  grow  inward  to  bulk  Ni  crystal 
lattice,  resulting  in  serious  metallic  structural  disintegration.  This 
catastrophic  interaction  between  coke  and  metal  is  known  as 
metal  dusting  22  .  Since  the  3rd  stage  poisoning  always  over¬ 
lapped  with  the  2nd  stage,  precisely  locating  its  starting  point 
was  not  an  easy  task  throughout  the  experiment.  Usually,  the 
cell  performance  deterioration  started  to  become  completely 


Fig.  13.  An  overview  of  three  stages  of  CO  poisoning  and  recovery  curves  in  Ni  based 
PC-SOFC. 


Time  (h) 

Fig.  14.  Influence  of  carbon  deposition  on  PC-SOFC  performance  under  potentiostatic 
mode.  OCV  was  recorded  in  pure  H2. 


irreversible  after  8  h  of  operation  in  10%  H2  +  CO.  It  should  be 
noted  that  anode  fuel  flow  rate  could  influence  the  3rd  stage 
poisoning  and  a  higher  flow  rate  of  syngas  could  shorten  the  time 
of  electrolyte  cracking  (Fig.  15). 

Since  CO2  was  generated  via  reaction  (6)  and  water  gas  shift 
reaction,  a  major  concern  associated  with  the  PC-SOFC  stability 
during  longevity  test  was  the  interaction  between  CO2  and  BZCY. 
This  interaction  could  change  the  properties  of  both  the  anode 
and  the  electrolyte.  Thus,  the  concentration  of  CO2  in  the  anode 
chamber  was  measured  from  the  anode  effluent  by  GC.  The 
analytical  results  revealed  that  the  CO2  concentration  was  below 
2%  under  all  the  experimental  conditions.  The  calculated  equi¬ 
librium  composition  of  the  input  feed  (10%  H2  +  CO)  at  700  °C  is 
shown  in  Fig.  16  and  it  also  confirmed  that  no  apparent  gaseous 
composition  change  could  be  expected.  Besides,  because 
numerous  studies  have  proved  the  good  chemical  stability  of 
BZCY  in  the  environment  where  the  CO2  concentration  was 
around  10%  [23-25],  the  slow  deterioration  of  BZCY  that  led  to 
the  gradual  and  irreversible  current  drop  was  unlikely  to  occur. 
Thereby,  the  side  reaction  effects  were  unlikely  to  overshadow 
the  determination  of  the  CO  poisoning  effect  in  PC-SOFC. 


Fig.  15.  Microstructure  of  carbon  deposits  on  the  Ni  anode  after  prolonged  PC-SOFC 
operation  in  syngas  at  700  °C. 


54 


N.  Yan  et  al.  /  Journal  of  Power  Sources  254  (2014)  48—54 


Fig.  16.  Equilibrium  composition  of  10%  H2  +  CO  at  various  temperatures. 


4.  Conclusions 

The  mechanism  of  CO  poisoning  in  PC-SOFC  at  high  temperature 
was  significantly  different  from  that  of  the  low  temperature  cata¬ 
lyst  deactivation  observed  in  PEMFC.  In  PC-SOFC,  the  initial 
poisoning  effect  was  instant  and  reversible,  which  could  be 
explained  using  active  site  blocking  effect  caused  by  CO  adsorbates. 
The  2nd  stage  poisoning  was  also  fully  reversible  but  took  relatively 
longer  time  to  reach  equilibrium.  This  stage  contributed  more  than 
75%  of  the  total  revisable  fuel  cell  performance  loss.  The  gradual 
poisoning  effect  was  interpreted  through  the  electrochemical  re¬ 
action  accelerated  carbon  deposition  on  Ni.  Therefore,  the  subse¬ 
quent  Had  electrochemical  oxidation  was  strongly  suppressed.  The 
third  stage  poisoning  effect  was  destructive  and  irreversible,  which 
was  mainly  caused  by  Ni  metal  dusting  and  BZCY  electrolyte 
cracking  under  the  experimental  conditions.  Finally,  when  utilizing 
syngas  as  the  fuel  in  PC-SOFC  with  a  Ni  anode,  it  is  highly 


recommended  that  the  percentage  of  H2  in  the  feedstock  be 
increased  to  facilitate  efficient  fuel  conversion. 
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